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Voltage-Gated Channels Block Nicotinic Regulation
of CREB Phosphorylation and Gene Expression
in Neurons
alternative mechanism for calcium-dependent synaptic
regulation of transcription (Sargent, 1993; McGehee and
Role, 1995). Most studies examining nicotinic regulation
of gene expression have focused on immediate early
genes (Greenberg et al., 1986; Pelto-Huikko et al., 1995;
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Salminen et al., 1999) or genes supporting transmitter
synthesis (Chalazonitis and Zigmond, 1980; Faucon Bi-
guet et al., 1989; Gueorguiev et al., 2000). The mecha-Summary
nisms by which nicotinic signaling regulates gene ex-
pression, however, are poorly understood, and it is notSynaptic activation of the transcription factor CREB
and downstream gene expression usually depend on known how such mechanisms interact with other cal-
cium-dependent pathways controlling transcription.calcium influx aided by voltage-gated calcium chan-
nels. We find that nicotinic signaling, in contrast, acti- A powerful method for examining activity-dependent
gene regulation in glutamatergic systems has been tovates CREB and gene expression in ciliary ganglion
neurons both in culture and in situ only if voltage-gated monitor CREB, a calcium- and cAMP-responsive tran-
scription factor (Greenberg and Ziff, 2001). Activation ofchannels are silent. The nicotinic response requires
calcium influx and release from internal stores and CREB by phosphorylation on serine 133 can be medi-
ated by either calcium/calmodulin-dependent proteinacts through CaMK and MAPK pathways to sustain
activated CREB. Voltage-gated channels mobilize kinase (CaMK) II/IV or Ras/mitogen-activated protein
kinase (MAPK) pathways. Phosphorylated CREBCaMK to activate CREB initially, but they also enable
calcineurin and PP1 to terminate the activation before (pCREB), together with a CREB binding protein, which
serves as a transcriptional coactivator, regulates tran-transcription is affected. L-type voltage-gated chan-
nels dominate the outcome and block the effects of scription for a large class of genes and has been impli-
cated in learning and memory (Silva et al., 1998; Josselynnicotinic signaling on transcription. This demonstrates
a novel aspect of activity-dependent gene regulation. et al., 2001). The duration of pCREB maintenance can
determine the range of genes affected (Greenberg and
Ziff, 2001).Introduction
Chick ciliary ganglion neurons express high levels of
nAChRs for ganglionic transmission (Zhang et al., 1996).Regulation of gene expression by synaptic activity is
essential both for normal development in the nervous We find that selective activation of nAChRs produces
long-term pCREB in the neurons and alters transcriptionsystem and for long-term components of synaptic plas-
ticity (Goelet et al., 1986; Ghosh et al., 1994; Nguyen et both in culture and in situ. Unexpectedly, coactivation
of voltage-gated channels, principally L-type channels,al., 1994; Frey and Morris, 1997; Alberini, 1999; Buo-
nanno and Fields, 1999; Lein and Schatz, 2000). The prevents the long-lasting nicotinic effects. Analysis of
the underlying mechanisms reveals a calcium-depen-chain of events connecting synaptic activity and gene
expression is often initiated by calcium influx (Bito et dent oppositional balance between kinases and phos-
phatases that allows voltage-gated channels to promoteal., 1997; Finkbeiner and Greenberg, 1998). Best studied
is the case of glutamatergic transmission in the mamma- transient pCREB formation while blocking long-term ef-
fects by nicotinic input. This suggests a new dimensionlian CNS. Here, transcriptional changes can be set in
motion by calcium entering both through postsynaptic of activity-dependent gene regulation with possible
unique applications for nicotinic circuits.glutamate receptors and voltage-gated L-type calcium
channels activated in tandem (Deisseroth et al., 1996;
Rajadhyaksha et al., 1999; Greenberg and Ziff, 2001). Results
Action potentials can complement the effects of gluta-
matergic transmission by augmenting calcium influx, but Nicotinic Receptors and Voltage-Gated Channels
they are less effective than synaptic stimulation when Can Both Induce Immediate pCREB
acting alone. Synaptic input achieves more sustained Ciliary ganglion neurons were tested in cell culture for
L-type channel activation and also triggers calcium re- nicotinic regulation of gene expression. As an initial
lease from internal stores (Deisseroth et al., 1996; Mer- marker for transcriptional effects, we monitored nuclear
melstein et al., 2000; Hardingham et al., 2001). There CREB phosphorylation on ser 133 with immunostaining.
is no indication that action potentials acting through This has been widely used as an indicator of CREB
voltage-gated channels oppose the effects of gluta- activation and can be conveniently scored as an “all-
matergic transmission on gene expression. or-none” event among neurons (Ginty et al., 1993; Bito
Neuronal nicotinic acetylcholine receptors (nAChRs) et al., 1996; Wu et al., 2001a). A 5 min exposure to 10
have been implicated in a wide variety of events, includ- M nicotine produced clear nuclear staining for pCREB
ing learning and memory (Lena and Changeux, 1997; in over 80% of the neurons immediately afterwards (Fig-
Broide and Leslie, 1999; Levin et al., 1999) and offer an ures 1A and 1B). Only 10% of untreated control cells
were positive for pCREB.
Activation of nAChRs can depolarize the neurons and1Correspondence: dberg@ucsd.edu
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Figure 1. Induction of pCREB in Dissociated
Ciliary Ganglion Neurons in Culture
(A) Neurons were incubated with (Nic) and
without (Con) 10M nicotine for 5 min, rinsed,
and stained with anti-pCREB antibodies
(pCREB) or with DAPI for nuclei (DAPI), and
viewed with fluorescence or differential inter-
ference contrast (DIC) optics. Horizontal pan-
els show the same field of view. Scale bar:
20 m.
(B) Neurons incubated with the indicated con-
centrations of nicotine for 5 min were scored
subsequently for pCREB staining. Here and
in subsequent figures, labeled cells are ex-
pressed as a percent of the total neurons ex-
amined and represent the mean  SEM (n 
3 experiments; 150 cells per condition).
(C) Induction of pCREB in neurons by a 5
min treatment with the indicated agents. Con,
control; KCl, 20 mM; Nic, 10 M; Cd, 0.2 mM;
dTC, 0.1 mM; Bgt, 100 nM. Asterisks indi-
cate statistical significance (p  0.05 for Nic/
dTC, Nic/Cd/Bgt, Nic/Cd, and Nic com-
pared to each other; Student’s t test).
activate VGCCs. Indeed, VGCC activation alone by KCl- 2001a). Accordingly, we examined the abilities of
induced depolarization caused immediate widespread nAChRs and VGCCs to produce long-term pCREB. Only
nuclear pCREB (Figure 1C). Blockade of VGCCs with one of the test conditions was successful: nicotine treat-
cadmium, however, did not prevent nicotine from pro- ment with VGCCs being blocked. Thus, treating the cells
ducing pCREB in many of the cells. Both nAChR classes with nicotine plus cadmium induced pCREB in about half
on ciliary ganglion neurons contributed. This can be of the neurons, and it remained for the hour examined
seen by comparing the labeling caused by nicotine plus (Figure 2A). Additional tests indicated that the incidence
cadmium in cultures with and without -bungarotoxin of pCREB labeling among neurons remained elevated
(Bgt) to selectively block receptors containing the 7 for as long as 3 hr after the 5 min exposure to nicotine/
gene product (7-nAChRs) or with d-tubocurarine (dTC) cadmium and subsided to background levels by 4 hr.
to block all nAChRs. Increasing the nicotine concentra- Using a cocktail of VGCCs blockers in place of cadmium
tion 10-fold (to 100 M) in the presence of cadmium did also resulted in long-term pCREB: 26%  1% (mean 
not further increase the proportion of cells displaying SEM; n  3 experiments, 150 neurons) of the neurons
pCREB (data not shown). In the absence of extracellular displayed pCREB 40 min after the 5 min incubation with
calcium, nicotine failed to increase pCREB staining over 10 M nicotine plus the blockers. The cocktail included
background (Figure 1C). Clearly, calcium was required calcicludine (20 nM), -conotoxin GVIA (2 M), -cono-
for the effect and apparently entered through the recep- toxin MVIIC (2 M), and -agatoxin IVA (20 nM) to block
tors. Most neuronal nAChRs have significant relative L-type, N-type, P-type, and Q-type VGCCs, respectively.
calcium permeability, and 7-nAChRs equal NMDA re- L-type channels appeared to be the critical class of
ceptors in this respect (McGehee and Role, 1995). VGCCs. Omitting calcicludine from the cocktail of VGCC
blockers prevented the nicotine treatment from generat-
ing any detectable long-term pCREB (data not shown).Nicotinic Stimulation Induces Long-Term pCREB
Moreover, when the L-type channel blocker nifedipineand Alters Transcription if VGCCs Are Silent
(10 M) was substituted for the entire cocktail of VGCCSustained pCREB levels are most effective in driving
blockers, the 5 min treatment with nicotine resulted inexpression of downstream genes (Bito et al., 1996; Liu
and Graybiel, 1996; Hardingham et al., 1999; Wu et al., 30%  2% (mean  SEM; n  5 experiments) of the
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itself to promote long-term pCREB. Calcium-induced
calcium release (CICR) from internal stores proved es-
sential. Pretreating the cells with either 10 M ryanodine
or 1 M thapsigargin to prevent CICR prevented the
nicotine/cadmium treatment from sustaining pCREB
levels beyond 10 min (Figure 2A). Similar results were
obtained when 10 M nifedipine was substituted for
cadmium to block L channel activation during nicotinic
stimulation. In this case, nicotine/nifedipine caused
36%  3% of the neurons to display pCREB 20 min
after the treatment, whereas inclusion of either 1 M
thapsigargin or 10 M ryanidine 45 min prior to and
during the 5 min nicotine incubation reduced the pCREB
levels to 16% 3% and 21% 3%, respectively, 20 min
after the incubation. Neither ryanidine nor thapsigargin
altered calcium influx triggered by nAChR activation as
monitored by a fluorescent calcium imaging assay (see
below) nor did they block pCREB formation when added
only with, rather than before, the nicotine treatment (data
not shown). Apparently CICR is required to sustain
pCREB levels in response to nAChR activation.
To assess whether pCREB formation correlates with
changes in gene expression, we immunostained for the
immediate-early gene product c-Fos. Only conditions
that produced sustained pCREB, namely nicotine treat-
ment in the presence of VGCC blockade, caused a sig-
nificant fraction of the neurons to score immunopositive
90 min later for nuclear c-Fos (Figure 2B). Little, if any,
significant increase over background was seen with any
Figure 2. Induction of Long-Term pCREB and Upregulation of of the other conditions. The results suggest that nAChR
C-Fos in Culture by nAChRs in the Absence of VGCC Activation activation influences gene expression most when
(A) Cells were treated with the indicated agents for 5 min, rinsed, VGCCs contribute little. In vivo this might correspond to
and then stained for pCREB at the indicated times. All conditions situations in which presynaptic signaling fails to trigger
produced a significant incidence of pCREB initially, but only condi- action potentials in the neurons, thereby activating few
tions that stimulated nAChRs while blocking VGCCS (Nic/Cd) pro-
voltage-gated channels (see Discussion).duced long-term pCREB. Blockade of calcium release from internal
stores prevented nAChR stimulation from producing sustained
pCREB. Nic, KCl, and Cd as in Figure 1; thap, 1 M thapsigargin; Long-Term pCREB Requires Both CaMKII/IV
ryan, 10 M ryanodine. and MAPK Pathways
(B) Cells were treated with the indicated agents for 5 min, rinsed, To understand how VGCCs and nAChRs differ in regulat-
and 90 min later immunostained for nuclear c-Fos protein. Values
ing pCREB levels, we first examined the kinases respon-were calculated and expressed as described for pCREB. Only condi-
sible for producing pCREB. Several kinase pathwaystions that produced long-term pCREB produced detectable c-Fos
can do so in other neuronal populations (Greenberg andover background incidence.
Ziff, 2001). Testing a variety of blockers indicated that
only CaMKII/IV was essential for immediate pCREB for-
mation by either VGCC or nAChR activation in ciliaryneurons displaying pCREB 40 min later. The slightly
reduced levels of long-term pCREB obtained with nico- ganglion neurons. Thus pretreatment with the CaMK
blocker KN-62 drastically reduced pCREB levels, andtine/nifedipine compared to nicotine/cadmium probably
reflects the fact that nifedipine partially blocks nAChR the CaMK blocker KN-93 reduced them to background
(Figure 3A). KN-92, an inactive analog of KN-93, wasresponses in ciliary ganglion neurons (Shoop et al.,
2001). The ability of L-type channels to prevent nicotine tested as a negative control and found to have no effect
on KCl-induced pCREB (Figure 3A). KN-92 had a smallfrom inducing long-term pCREB was not caused by
VGCCs producing nAChR desensitization. Jumping the effect on nicotine/cadmium-induced pCREB, probably
because this family of compounds exerts a small inhibi-membrane voltage from 60 to 0mV for 0.2–0.4 s to
activate VGCCs had no effect on the nicotine-induced tory effect directly on nAChRs. The compounds may
also interfere in part with VGCC function, but this cannotwhole-cell response measured subsequently at 60mV
with perforated patch-clamp recording; neither the peak explain their blockade of pCREB formation. Omitting the
pretreatment step and applying KN-93 only with KCl oramplitude nor the time course of the response differed
significantly from that seen prior to the depolarization nicotine/cadmium did not prevent pCREB labeling (data
not shown). Moreover, quantitative comparisons of cal-step (Q.-S. Liu and D. B., unpublished data). The results
indicate that activation of L-type VGCCs sets in motion cium levels using a fluorescence imaging assay (see
below) indicated that KN-62 had no effect on calcium-downstream events that dominant and prevent nicotinic
maintenance of pCREB levels over the long-term. influx driven by nicotine/cadmium under conditions
where it blocked pCREB formation. Since KN-62 andCalcium influx through nAChRs was not sufficient by
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Figure 4. Dephosphorylation of pCREB by Calcineurin and PP1
Figure 3. Involvement of CaMK and MAPK Pathways in CREB Phos- (A) Blockade of calcineurin slowed dephosphorylation following
phorylation VGCC activation by KCl but not following selective nAChR activation
by Nic/Cd. Cells were pretreated with the calcineurin inhibitor cyclo-(A) Both VGCCs and nAChRs induce immediate pCREB by acting
sporin A (CspA, 250 nM) for 25 min prior to stimulation.through CaMK. Kinase inhibitors were applied at least 30 min before
(B) Okadaic acid (OA) blocked pCREB dephosphorylation at highstimulation. KCl, Nic, and Cd as in Figure 1. PKA inhibitor (KT5720,
concentration (2 M) but not at a low concentration (20 nM, data2 M), PKC inhibitor (Bisindolylmaleimide I, 100 nM), MEK inhibitor
not shown), indicating that PP1 is required for pCREB dephosphory-(U0126, 10 M), a general tyrosine kinase inhibitor (genistein, 100
lation.M), and the inactive isomer of CaMK inhibitor (KN-92, 10 M) all
failed to block short-term pCREB, whereas CaMK inhibitor 1 (KN-
62, 10 M) partially prevented and CaMK inhibitor 2 (KN-93, 10 M)
almost completely prevented pCREB. curred more quickly in the presence of the MEK blocker
(B) The MAPK kinase pathway is needed for long-term pCREB. Cells
(10 min; Figure 2A) than it did following thapsigarginwere treated as in (A), rinsed, and fixed at the indicated times to
or ryanodine treatment (10 min; Figure 3B).identify kinase pathways required for long-term CREB phosphoryla-
tion. CaMK and MEK inhibitors (KN-93 and U0126) both blocked
long-term pCREB. VGCCs Terminate pCREB through Calcineurin
and Phosphatase PP1
The VGCC-mediated collapse of nicotine-inducedKN-93 target both CaMKII and IV, both enzymes are
candidates for pCREB formation in the neurons. Specific pCREB levels occurs quickly. Possible mechanisms in-
clude inactivation of the MAPK pathway or stimulationblockers for protein kinase A (PKA), protein kinase C
(PKC), MAPK kinase (MEK), and tyrosine kinases had of phosphatase activity. We tested the latter by treating
cells with appropriate blockers prior to stimulation. Theno effect on immediate pCREB formation by either
VGCCs or nAChRs (Figure 3A). calcineurin blocker cyclosporin A significantly increased
the duration of VGCC-induced pCREB while having noLong-term pCREB required both CaMKII/IV and
MAPK activation. KN-93 prevented both short- and long- effect on the level of long-term pCREB induced by
nAChR activation (Figure 4A). Low concentrations ofterm pCREB formation by nicotine/cadmium while the
MEK blocker U0126 prevented only long-term pCREB okadaic acid (20 nM), sufficient to block protein phos-
phatase 2A activity, had no effect. At a higher concentra-(Figure 3B). Calcium imaging experiments (see below)
indicated that U0126 had no effect on calcium elevations tion that blocks PP1 activity (Cohen et al., 1990; Nagao
et al., 1995; Bito et al., 1996), okadaic acid (2 M) pro-induced by nicotine/cadmium (data not shown), indicat-
ing that the MEK blocker did not prevent long-term duced a dramatic effect. It almost completely prevented
the decline in pCREB levels following induction bypCREB by blocking nAChRs. The inactive analog U0124
had no effect on pCREB: 45%  2% (mean SEM, n  VGCCs while having no effect on pCREB levels induced
by nAChRs (Figure 4B). Similar results were obtained3 experiments) of the cells displayed pCREB 40 min
after stimulation. MEK activation requires CaMK (Wu et with additional blockers. Thus, FK506 (1 M), another
blocker for calcineurin, enabled 26% 0.2% of the cellsal., 2001b). Blockers for PKA, PKC, and tyrosine kinase
had no effect (data not shown). The loss of pCREB oc- to retain pCREB 40 min after KCl treatment (mean 
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SEM; n  3 experiments). Calyculin A (20 nM), another larly, increasing calcium influx through nAChRs by ele-
vating the extracellular calcium level while stimulatingblocker for PP1, caused 57%  4% of the cells (n  3)
to display pCREB 30 min after KCl. The results indicate with nicotine/cadmium produced long-term pCREB in
many fewer cells than occurred with normal extracellularthat PP1 is the main phosphatase mediating pCREB
dephosphorylation and that VGCC activation permits calcium (Figure 5E).
A strict negative correlation, however, between globalcalcineurin/PP1 to override CaMK/MAPK and terminate
nicotine-induced pCREB. Since calcineurin is calcium- calcium levels above some threshold value and long-
term pCREB was not sufficient to account for the results.dependent and regulates PP1 activity (Deisseroth et al.,
1996), it may provide a pathway through which VGCCs Thus peak calcium levels generated by nicotine/nifedi-
pine in normal extracellular calcium were actuallyutilize calcium to control pCREB duration.
greater than those caused by nicotine/cadmium in ele-
vated extracellular calcium (Figure 5C), though the for-Both Amount and Pattern of Calcium Elevation
mer supported long-term pCREB and the latter did not.May Contribute to pCREB Outcome
And while changing the concentration of extracellularCalcium imaging was used to assess the relationship
calcium changed the outcome for nicotine/cadmium-between global calcium levels in the neurons and
induced long-term pCREB, it had little detectable effectpCREB formation. Scoring the proportion of neurons
on the peak calcium levels produced (Figure 5C). Addi-that displayed elevated calcium in response to various
tional evidence comes from the finding that blockers oftreatments yielded a good correlation between the frac-
CICR (ryanodine and thapsigargin) prevented nicotine/tion of cells that responded and the fraction that gener-
cadmium and nicotine/nifedipine from inducing long-ated detectable pCREB immediately after the treatment.
term pCREB, and yet the blockers had no detectableThus, selective activation of VGCCs with KCl or com-
effect on global calcium elevations generated duringbined activation of VGCCs and nAChRs with nicotine
the treatment (data not shown). Taken together, theseproduced equally high incidences of pCREB labeling
results indicate that global calcium levels are not theand calcium elevation among neuronal populations (Fig-
sole determinant of pCREB duration in the neurons andures 5A and 5B). Selective activation of nAChRs with
suggest that temporal or spatial patterns of calcium maynicotine in the presence of cadmium or nifedipine pro-
also be important.duced lower incidences of calcium elevation and was in
close agreement with the reduced incidences of pCREB
labeling. When extracellular calcium was raised (20 mM), Voltage-Gated Channels Also Block Gene
Regulation by Nicotinic Transmission In SitunAChR activation caused more cells to score positive
for elevated calcium and proportionately more to display Application of agents to neurons in culture to influence
channel activity can be far from physiological. Accord-pCREB labeling than in normal calcium (2 mM). Con-
versely, when a moderate amount of cadmium (125 M) ingly, we determined whether synaptic stimulation in the
intact ganglion regulates transcription and whether thewas included to block VGCCs partially or nifedipine was
used to block L-type channels specifically, KCl activa- regulation is affected by activation of voltage-gated
channels. Stimulation of the preganglionic nerve of antion of VGCCs caused fewer cells to score positive for
calcium, and proportionately fewer showed pCREB la- excised ciliary ganglion for 5 min at a range of frequen-
cies (5–50 Hz) caused a large fraction of the neurons tobeling than occurred in the absence of cadmium or
nifedipine (Figure 5B). display nuclear pCREB immediately afterwards (Figures
6A and 6B). Low-stimulation frequency (1 Hz) or stimula-A more quantitative comparison of calcium levels in
neurons was used to determine the relationship between tion in the presence of nAChR blockers (dTC) was inef-
fective.global calcium and long-term pCREB. To a first approxi-
mation, high calcium levels appeared to occlude long- Long-term pCREB was produced when high-fre-
quency stimulation (25 Hz) was continued for 30 min. Interm pCREB. Thus activation of VGCCS, either directly
by KCl or indirectly by activation of nAChRs with nico- this case pCREB remained elevated at least 15 min after
the stimulation (Figure 6C). The elevation was blockedtine, produced the highest mean peak levels of calcium
and the highest sustained levels during the 5 min stimu- by dTC, confirming the dependence on nicotinic trans-
mission. Short duration stimulation (5 min) even at highlation period, averaged over responding cells (Figure
5C). As indicated above, these treatments prevented frequency produced only transient pCREB. Similarly,
retrograde action potentials, elicited by stimulation oflong-term pCREB. Selective activation of nAChRs with
nicotine/cadmium or activation of either nAChRs (Figure the postganglionic nerve (25 Hz for 30 min) in the ab-
sence of synaptic transmission, induced only transient5C) or VGCCs (data not shown) in the absence of contri-
butions from L-type channels (nicotine/nifedipine and pCREB (Figure 6C). Importantly, repeated activation of
voltage-gated channels blocked the ability of synapticKCl/nifedipine, respectively) produced much lower in-
tracellular calcium increases, again averaged over re- input to produce long-term pCREB. Thus stimulating
both the pre- and postganglionic nerves simultaneouslysponding neurons; these treatments supported long-
term pCREB. Further evidence came from manipulating at 25 Hz for 30 min to elicit synaptic input along with
retrograde action potentials produced transient but notcalcium levels through a given set of channels. For ex-
ample, decreasing calcium influx through VGCCs by in- sustained pCREB (Figure 6C). As in culture, the relevant
VGCCs for stopping long-term pCREB appear to becluding a moderate amount of cadmium (125 M) along
with the KCl confined the calcium elevations to those L-type channels. Treating ganglia with 10 M nifedipine
overcame the failure of short-term stimulation (5 min atnormally seen for selective activation of nAChRs (Figure
5C) and supported long-term pCREB (Figure 5D). Simi- 25 Hz) to produce sustained pCREB (Figure 6C).
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Figure 5. Correlation of Calcium Levels with
Initial pCREB Incidence Versus Duration
(A) Neurons were loaded with the calcium in-
dicator dye Fluo-3 and imaged before and
after a 5 min treatment with either KCl or Nic/
Cd. Shown are the DIC images and corre-
sponding net fluorescence images generated
by subtracting the initial fluorescence image
from that obtained immediately after the
treatment in each case (F  Fbasal). Scale bar:
20 M.
(B) Incidence of increased calcium staining
or nuclear pCREB labeling among cells im-
mediately after a 5 min treatment with the
indicated agents. High Cao, 20 mM; Cd,
125 M; Nif, 10 M nifedipine; others as in
Figure 1.
(C) Time course and relative amplitude of cal-
cium elevations during stimulation with the
indicated agents. Results are presented as
the percent increment over baseline ([(F 
Fbasal)/Fbasal] 	 100) and have been averaged
for the indicated number of cells: KCl, 64; Nic,
59; Nic/Cd, 26; Nic/Cd/hiCa (20 mM), 49; Nic/
Nif, 24; KCl/Cd (125 M), 16.
(D) Comparison of pCREB duration caused by
Nic/Cd in normal versus a high-extracellular
calcium concentration to increase calcium
influx.
(E) Comparison of pCREB duration caused
by KCl in the presence and absence of a mod-
erate concentration of cadmium (125 M) to
block VGCCs partially.
How does prolonged high-frequency synaptic stimu- tic potentials are sufficient to generate sustained pCREB
if not opposed by voltage-gated channel activity. Thelation produce long-term pCREB? The answer likely de-
pends on the fact that extended high-frequency synap- pattern obtained in the ganglion, therefore, is entirely
consistent with the predictions from culture showingtic stimulation quickly becomes ineffective at activating
voltage-gated channels. After a few seconds, transmis- that prolonged nicotinic signaling can produce long-
term pCREB if not overridden by activation of voltage-sion becomes unreliable because the synaptic poten-
tials fail to reach threshold for eliciting action potentials gated channels.
Quantitative RNA dot blot analysis of transcript levels(Figures 6D and 6E). Though reduced in size, the synap-
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Figure 6. Induction of Long-Term pCREB In
Situ by Synaptic Stimulation of Intact Ganglia
(A) Ganglia were fixed, sectioned, and stained
for pCREB either with (Stim; bottom image)
or without (Control; top) stimulation of the
preganglionic nerve root at 25 Hz for 5 min.
Scale bar: 20 m.
(B) Combined results from ganglia stimulated
as indicated and stained immediately for
pCREB (250 cells per condition from three
to six ganglia). Synaptic stimulation 
5 Hz
for 5 min induced initial pCREB; the induction
was blocked by dTC.
(C) Ganglia were stimulated at 25 Hz via the
preganglionic nerve root (presyn stim), the
postganglionic nerve root (retrograde stim),
or both for the times and conditions indi-
cated, and then processed immediately (0
time) or after 15 min for pCREB. Sustained
pCREB was obtained only when presynaptic
stimulation was continued for 30 min or nifed-
ipine was included to block L-type channels;
retrograde stimulation blocked the synaptic
effect.
(D) Whole-cell patch-clamp recording in cur-
rent-clamp mode from a neuron in a ganglion
being stimulated at 25 Hz for 4 s. Inset shows
expanded time scale. Following the stimulus
artifact (double arrowhead), each EPSP (ar-
rowhead) elicits an action potential (arrow).
(E) Same cell as in panel (D) after 5 min at 25
Hz; residual EPSPs (arrowhead) occur be-
tween the stimulus artifacts (double arrow-
head) but fail to elicit action potentials.
in whole ganglia was used to assess the consequences of four: c-fos (46%  6%; mean  SEM; n  3), nAChR
3 (33%  7%), synaptotagmin (85%  32%), and aof long-term pCREB. Candidate genes were selected
based on availability, known expression in the neurons, calcium-activated potassium channel (K(Ca); 59% 
19%). Unaffected were the nAChR 5, 7, 2, and 4and likely relevance for signaling. They were discarded
if measured transcript levels were too low for accurate transcripts and the transcripts for calmodulin, CaMKII
and , synaptophysin, CNTF receptor, agrin, and thequantification as in the case of four voltage-gated ion
channel gene mRNAs. Of 15 successful genes tested, potassium channel kv1.4. Retrograde stimulation (25 Hz
for 30 min) changed none of the 15 transcripts quanti-long-term high-frequency synaptic stimulation (25 Hz
for 30 min) significantly increased the transcript levels fied. Only c-fos and synaptotagmin were increased by
Neuron
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Figure 7. Diagram Modeling the Opposing
Interactions of nAChR and VGCC Pathways
in Controlling Long-Term pCREB Levels and
Gene Expression
Both synaptic stimulation of nAChRs and ac-
tivation of voltage-gated channels induce
transient pCREB in a calcium-dependent
manner by acting through CaMKII/IV, but only
synaptic stimulation in the absence of action
potentials can produce long-term pCREB by
acting through CaMKII/IV and MAPK with as-
sistance from calcium-induced calcium re-
lease (CICR) from internal stores. Calcium in-
flux through L-type voltage-gated channels
enables calcineurin and PP1 to dephosphory-
ate pCREB rapidly and prevent transcrip-
tional activation by nicotinic signaling.
synaptic stimulation for short times (25 Hz for 5 min), the genes were already being highly expressed at the
developmental stage examined (Corriveau and Berg,and both increments were nominally less than those
seen for extended synaptic stimulation. 1993).
Calcium-dependent pCREB formation has been
shown in a variety of neurons to rely on CaMKII/IV andDiscussion
MAPK pathways and to be terminated by calcineurin
and PP1 (Bito et al., 1997; Greenberg and Ziff, 2001). OfOur results demonstrate that nicotinic stimulation can
produce long-term pCREB and enhanced expression of the several CaMK isoforms, CaMKIV is the most likely
candidate for direct CREB phosphorylation, but CaMKIItargeted genes without assistance from VGCCs. Cal-
cium influx through nAChRs activates CaMKII/IV and may participate in the pathway as well (Bito et al., 1996;
Wu et al., 2001a). KN-62 and KN-93, the blockers usedMAPK pathways to produce pCREB, and CICR to sus-
tain it (Figure 7). VGCC activation can also stimulate a here to demonstrate CaMK involvement in nicotine-
induced pCREB formation, do not discriminate betweenCaMKII/IV pathway to produce pCREB initially, but the
calcium influx that results in this case also stimulates the two isoforms. In hippocampal neurons, the MAPK
pathway appears essential for long-term pCREB and iscalcineurin and PP1 subsequently to extinguish the
pCREB. Consequently, repeated activation of voltage- itself dependent on CaMK (Wu et al., 2001a, 2001b), as
is the case for nicotine-induced pCREB maintenance ingated channels blocks the transcriptional effects of
nAChR activation caused either by nicotine in cell cul- ciliary ganglion neurons. A failure to activate MAPK,
however, cannot explain the inability of VGCCs to sup-ture or by synaptic stimulation in situ. This represents
a novel role for voltage-gated channels in controlling port long-term pCREB here because VGCC activation
overrides nAChR effects on pCREB. VGCCs must stimu-activity-dependent gene regulation.
The transcription factor CREB has received consider- late additional pathways either to produce greater cal-
cineurin/PP1 activity or to inhibit MAPK activity.able attention because of its pivotal role in activity-
dependent gene expression and its contributions to Considerable evidence indicates that L-type calcium
channels can produce activity-dependent pCREB for-learning and memory (Silva et al., 1998; Greenberg and
Ziff, 2001; Josselyn et al., 2001). The assay used here mation in hippocampal neurons and that synaptic input
activates L-type channels more effectively than do ac-for CREB activation––immunostaining for nuclear CREB
phosphorylated on ser 133––has been widely used be- tion potentials (Deisseroth et al., 1996; Mermelstein et
al., 2000; Greenberg and Ziff, 2001). N-type calciumcause it is convenient and allows cells to be counted in
an all-or-none manner for labeling (Ginty et al., 1993; channels can also support activity-dependent transcrip-
tional regulation, depending on the pattern of stimula-Bito et al., 1996; Wu et al., 2001a). Phosphorylation on
ser 133, however, does not guarantee activation of tion (Brosenitsch and Katz, 2001). Neither L- nor N-type
channels, however, were required for nicotinic regula-CREB-regulated genes because other phosphorylation
events can oppose activation and because pCREB re- tion of transcription in ciliary ganglion neurons. Instead,
calcium influx through nAChRs themselves, togetherquires coactivators such as CREB binding protein to
initiate transcription (Hardingham et al., 1999, 2001). For with CICR from internal stores, sustained pCREB levels
in the neurons. The CICR did not detectably alter thethese reasons, it is important also to demonstrate tran-
scriptional changes directly. This was done in the pres- calcium levels induced by nAChR activation, suggesting
that calcium location may be more important than globalent experiments by immunostaining for c-fos expression
in cell culture and by quantifying transcript levels of calcium levels throughout the cytoplasm (as measured
here) in determining long-term pCREB levels. CICR hasindividual genes in situ. The transcript changes were
not large but nonetheless equivalent to changes thought recently been found also to support glutamate-induced
pCREB levels in hippocampal neurons (Svoboda andbiologically important in other systems (Corriveau et al.,
1998). The relative amplitudes may have been limited Mainen, 1999; Hardingham et al., 2001).
In the present case, L-type calcium channels pre-by the suboptimal conditions in vitro and the fact that
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vented nicotine-induced long-term pCREB. The chan- developmental program via transcriptional mechanisms.
nels, which are distributed over the entire ciliary soma Nicotine addiction may utilize similar transcriptional
(Shoop et al., 2001), generated most of the calcium influx mechanisms. Chronic nicotine exposure is likely to de-
resulting from VGCC activation on the neurons. They sensitize nAChRs partially, resulting in a persistent,
were not alone, however, in being able to produce this though reduced, response that is less capable of activat-
outcome because raising the extracellular calcium con- ing VGCCs (Dani and Heinemann, 1996; Lena and
centration to increase calcium influx through nAChRs Changeux, 1997). The disparity between nicotinic signal-
also blocked nicotine-induced long-term pCREB. Cyto- ing and voltage-gated responses could impact tran-
plasmic calcium levels in this latter case were much scriptional events if the neurons have regulatory mecha-
lower than those normally produced by activation of nisms similar to those described here. Also interesting
L-type channels. These results, together with the re- is the question of whether a synapse like the calyx of
quirement for CICR to obtain long-term pCREB, suggest Held which has structural similarities to synapses on
that calcium regulation of the process depends on more ciliary neurons but uses a different transmitter (Bollmann
than the absolute level of cytoplasmic calcium. A recent et al., 2000), might employ similar mechanisms for syn-
study indicates that nuclear calcium can determine aptic regulation of transcription. It will be important to
pCREB levels induced by glutamatergic transmission determine how prevalent such regulatory patterns are,
(Hardingham et al., 2001). Future experiments should how they are affected by different levels of key enzymes
examine the temporal and spatial patterns of calcium and ion channels within neuronal populations, and
required for nicotine-induced long-term pCREB. whether they extend to other transmitter-activated
A principal finding here is that synaptic regulation of pathways.
long-term pCREB is likely to be cell-type specific. When
fully activated, VGCCs on rat hippocampal neurons sup- Experimental Procedures
port long-term pCREB even without glutamatergic stim-
Cell Culture Stimulationulation; they do not oppose it (Wu et al., 2001a), as found
Dissociated ciliary ganglion cultures were prepared from day 14here for L-type channels on ciliary ganglion neurons.
chick embryos as previously described (Blumenthal et al., 1999) and
Rat striatal neurons, however, may be different yet. used 3–6 hr after plating. Cells were stimulated by incubating with
While either KCl or NMDA treatment induces sustained the indicated agent (e.g., nicotine or KCl) for 5 min in extracellular
pCREB in two distinct striatal populations, the L-type solution containing (in mM): 150 NaCl, 3 KCl, 2 CaCl2, 2 MgCl2, 5
glucose, 10 HEPES (pH 7.4), and 10% heat-inactivated horse serum.channel enhancer BAY K 8644 induces only transient
To block VGCCs completely, 200 M CdCl2 was added 5 min priorpCREB in one and stable pCREB in the other (Liu and
to stimulation; for partial blockade, the concentration was de-Graybiel, 1996). The two different BAY K8644 outcomes
creased to 125 M. Alternatively, a cocktail of VGCC blockersare thought to reflect different levels of calcineurin and (-conotoxin GVIA [2 M], -conotoxin MVIIC [2 M], and -aga-
regulatory kinases in the two striatal populations. The toxin IVA [20 nM] calcicludine [20 nM]) or nifedipine (10 M) alone
results indicate that not only the initiating extracellular was added 15 min prior to stimulation. In some cases, dTC (100
M) or Bgt (100 nM) was applied 30 min before stimulation tosignal but also the calcium-dependent intracellular ma-
block, respectively, either all nAChRs or 7-nAChRs alone. To pre-chinery can produce quite different outcomes for activ-
vent calcium release from internal stores, either thapsigargin (1 M)ity-dependent gene regulation, depending on the neu-
or ryanodine (10 M) was applied 45 min prior to stimulation. Kinaseronal circuit involved.
blockers were added at least 30 min prior to stimulation. Cyclosporin
What might be the purpose of VGCC activity blocking A (250 nM), okadaic acid (2 nM and 2 M), FK506 (1 M), and
transcriptional regulation by nicotinic signaling? Chick calyculin A (20 nM) were applied 25, 15, 15, and 5 min, respectively,
ciliary ganglion neurons lie in a motor pathway and re- before stimulation. All drugs were also present during stimulation.
For CREB dephosphorylation experiments, cells were stimulated,ceive innervation only from preganglionic terminals. If
washed 3 times with culture media containing the indicated blockersthe terminals fire and consistently fail to elicit postsyn-
and 100 M dTC to prevent reactivation of nAChRs by residualaptic action potentials, the outcome would represent
nicotine, and then fixed at the indicated times for analysis. Nicotine-a system failure. Repeated subthreshold activation of
induced whole-cell currents were measured by rapid application of
nAChRs under these conditions (while VGCCs are 20M nicotine while recording responses with the perforated patch-
largely quiescent) could signal the postsynaptic neuron clamp technique as previously described (Liu and Berg, 1999).
that corrective transcriptional changes are needed. In-
deed, the two genes preferentially affected by synaptic Whole Ganglion Stimulation
Ciliary ganglia, dissected from day 14 chick embryos with pre- andstimulation in the absence of action potentials were
postsynaptic nerve roots intact, were perfused at 37C with re-nAChR 3 and K(Ca). An increase in 3 subunits could
cording solution gassed with 95% O2/5% CO2 and containing (inproduce more synaptic nAChRs; an increase in K(Ca)
mM): 120 NaCl, 4 KCl, 2 CaCl2, 1 MgSO4, 0.0001 atropine, 10 glucose,channels may help repolarize the membrane more
30 NaHCO3, 1 NaH2PO4 (pH 7.4), and 10% heat-inactivated horsequickly in response to accumulated calcium. Both serum. After 20 min (to allow p-CREB levels to settle at baseline),
changes could position the neurons to respond more synaptic responses were elicited by using a Grass stimulator (model
reliably to presynaptic signals. S88, Westwarick, RI) to deliver 10V (10–300 sec) pulses to the
nerve root via a suction pipette (Chang and Berg, 1999). EPSPs andDisparities between nicotinic input and voltage-gated
action potentials were monitored with conventional patch-clampresponses may also drive transcriptional changes else-
recording in current clamp mode as previously described (Changwhere, including motor pathways and developing cir-
and Berg, 1999). Nifedipine (10M) and dTC (100M), when present,cuits that are shaped by spontaneous bursting activity
were applied 20 min prior to stimulation.
employing nicotinic signaling (Feller, 1999; Milner and
Landmesser, 1999; Bansal et al., 2000). Neurons receiv- Immunostaining
ing nicotinic synaptic input but failing to participate in Cultures and ganglia were fixed in 4% paraformaldehyde in 0.15 M
sodium phosphate (pH 7.4) for 30 min and 3 hr, respectively, atthe bursting activity could be targeted for a separate
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room temperature (RT). Ganglia were cryoprotected in phosphate- increases phosphorylation and activity of CREB in NIH 3T3 fibro-
blasts. Mol. Cell. Biol. 14, 4398–4407.buffered saline (PBS) with 30% sucrose overnight at 4C and then
sectioned in 20 m slices. Samples were blocked with 5% normal Bansal, A., Singer, J.H., Hwang, B.J., Xu, W., Beaudet, A., and Feller,
donkey serum in PBS with 0.01% Triton X-100 for 1 hr at RT, and M.B. (2000). Mice lacking specific nicotinic acetylcholine receptor
then incubated overnight at 4C in rabbit anti-phospho-CREB (New subunits exhibit dramatically altered spontaneous activity patterns
England Biolabs, Beverly, MA) or goat anti-c-Fos (Oncogene Sci- and reveal a limited role for retinal waves in forming ON and OFF
ence, Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:1000 in circuits in the inner retina. J. Neurosci. 20, 7672–7681.
blocking solution. Cy3-conjugated donkey anti-rabbit and donkey
Bito, H., Deisseroth, K., and Tsien, R.W. (1996). CREB phosphoryla-
anti-goat (Jackson Laboratories, Bar Harbor, ME) were used at 1:200
tion and dephosphorylation: a Ca2-stimulus duration-dependent
to visualize primary antibody staining. Specimens were examined
switch for hippocampal gene expression. Cell 87, 1203–1214.
with a Zeiss Axioskop equipped with CCD camera and 3I deconvolv-
Bito, H., Deisseroth, K., and Tsien, R.W. (1997). Ca2-dependenting software (Santa Monica, CA). Scoring of CREB phosphorylation
regulation in neuronal gene expression. Curr. Op. Neurobiol. 7,by the presence of nuclear pCREB was carried out as previously
419–429.described (Alberts et al., 1994; Deisseroth et al., 1996). Neuronal
Blumenthal, E.M., Shoop, R.D., and Berg, D.K. (1999). Develop-and glial nuclei were distinguished based on size and morphology
mental changes in the nicotinic responses of ciliary ganglion neu-as revealed by DAPI staining. Statistical analyses were performed
rons. J. Neurophysiol. 81, 111–120.with SigmaPlot; Student’s t test was used to assess statistical signif-
icance. Bollmann, J.H., Sakmann, B., and Gorst, J.G.G. (2000). Calcium
sensitivity of glutamate release in a calyx-type terminal. Science.
289, 953–957.Calcium Imaging
Dissociated ciliary ganglion neurons from day 14 chick embryos Broide, R.S., and Leslie, F.M. (1999). The 7 nicotinic acetylcholine
were loaded with 2 M Fluo-3AM at RT for 30 min as described receptor in neuronal plasticity. Mol. Neurobiol. 20, 1–16.
(Vijayaraghavan et al., 1992). Stimulation was initiated by manually
Brosenitsch, T.A., and Katz, D.M. (2001). Physiological patterns of
adding the agent (0.075 mL) to an equal volume of bath immersing
electrical stimulation can induce neuronal gene expression by acti-
the cells positioned over the microscope objective. Cadmium, when
vating N-type calcium channels. J. Neurosci. 21, 2571–2579.
present, was added 5 min prior to the stimulant. Neurons were
Buonanno, A., and Fields, R.D. (1999). Gene regulation by patternedexamined with a 40	 oil immersion objective on a Zeiss Axiovert
electrical activity during neural and skeletal muscle development.microscope, and images were collected with a CCD camera and 3I
Curr. Op. Neurobiol. 9, 110–120.imaging software. Percentage increase in fluorescence level was
Chalazonitis, A., and Zigmond, R.E. (1980). Effects of synaptic andcalculated as [(F  Fbasal)/Fbasal] 	 100.
antidromic stimulation of tyrosine hydroxylase activity in the rat
superior cervical ganglion. J. Physiol. (Lond.) 300, 525–538.Dot Blot Analysis
Chicken partial cDNA clones were obtained by RT-PCR and cloned Chang, K.T., and Berg, D.K. (1999). Nicotinic acetylcholine receptors
containing 7 subunits are required for reliable synaptic transmis-into pGEM T-easy vector (Promega, Madison, WI). Gel-purified
cDNA fragments were blotted in duplicate (150 ng, unless otherwise sion in situ. J. Neurosci. 19, 3701–3710.
indicated) onto Hybond N nylon filters (Amersham, Piscataway, NJ). Cohen, P., Holmes, C.F.B., and Tsukitani, Y. (1990). Okadaic acid:
Each filter contained: GAPDH (glyceraldehyde-3-phosphate dehy- a new probe for the study of cellular regulation. Trends Biochem.
drogenase) at 0.1, 1, and 10 ng; CNTFR (ciliary neurotrophic factor), Sci. 15, 98–102.
agrin, synaptophysin, synaptotagmin, CaMKIIa, CaMKIIb, calmodu-
Corriveau, R.A., and Berg, D.K. (1993). Coexpression of multiple
lin, c-fos, kv1.4, K(Ca), 3 nAChR, 5 nAChR, 7 nAChR, 4 nAChR,
acetylcholine receptor genes in neurons: quantification of tran-
and voltage-gated Na channel type I. Each blot was prehybridized
scripts during development. J. Neurosci. 13, 2662–2671.
for 2 hr at 60C. Radiolabeled complex cDNA probes derived from
Corriveau, R.A., Huh, G.S., and Shatz, C.J. (1998). Regulation ofstimulated and unstimulated chick ciliary ganglia (incubated in par-
class I MHC gene expression in the developing and mature CNS byallel) were allowed to hybridize to the blots separately for 36–48 hr
neural activity. Neuron 21, 505–520.at 58C. (Stimulation of ganglia at 25 Hz, performed for 5 or 30
Dani, J.A., and Heinemann, S. (1996). Molecular and cellular aspectsmin via either the preganglionic or postganglionic nerve root, was
of nicotine abuse. Neuron 16, 905–908.followed by a 30 min rest period before taking the tissue for analysis).
Membranes were washed at 58C, and quantification was carried Deisseroth, K., Bito, H., and Tsien, R.W. (1996). Signaling from syn-
out with a Molecular Dynamics Phosphor Imager; results were nor- apse to nucleus: postsynaptic CREB phosphorylation during multi-
malized to GAPDH mRNA. Ten ganglia were pooled per condition ple forms of hippocampal synaptic plasticity. Neuron 16, 89–101.
in each experiment, and at least three experiments were conducted
Faucon Biguet, N., Rittenhouse, A.R., Mallet, J., and Zigmond, R.E.
per condition.
(1989). Preganglionic nerve stimulation increases mRNA levels for
tyrosine hydroxylase in the rat superior cervical ganglion. Neurosci.
Materials Lett. 104, 189–194.
White leghorn chick embryos were obtained locally and maintained
Feller, M.B. (1999). Spontaneous correlated activity in developing
at 37C in a humidified incubator. All drugs were purchased from
neural circuits. Neuron 22, 653–656.
Sigma (St. Louis, MO) unless otherwise indicated.
Finkbeiner, S., and Greenberg, M.E. (1998). Ca2 channel-regulated
neuronal gene expression. J. Neurobiol. 37, 171–189.
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